Abstract. An integrated geophysical survey using both the electrical resistivity tomography (ERT) and groundpenetrating radar (GPR) methods was undertaken over a cave of great archaeological interest in southern Italy. The survey was performed to assess the stability of the carbonate rock roof of the cave. A geophysical survey was preferred to boreholes and geotechnical tests, in order to avoid the risk of mass movements. The interpretation of integrated data from ERT and GPR resulted in an evaluation of some of the electromagnetic (EM) characteristics (such as the EM wave velocity) and the detection of discontinuities (fractures) in the carbonate rock. It is well known that rock fractures constitute a serious problem in cave maintenance, and progressive cracking within the bed rock is considered to be one of the main causes of collapse. An analysis of the back-scattered energy was also required for the GPR data interpretation. Cracks within the bedrock were detected to a depth of about 2 m by using GPR, which allowed for the identification of the loosened zone around the cave.
Introduction
Nowadays a valid alternative to direct investigation methods, in order to study the stability of galleries, foundations, etc., is the use of the geophysical surveys. Although in many cases in the assessment and monitoring phases, direct methods, such as drillings, are used to establish the stability, yet such methods may damage the structure and may often be very costly and provide information that cannot always be extrapolated to large areas. On the other hand, geophysical techniques are generally non-destructive and may be applied to map fractures with accuracy in the shallow subsurface.
This paper reports the results of geophysical surveys using 2-D electrical resistivity tomography (ERT) and GroundPenetrating Radar (GPR), carried out in a karstic area
Correspondence to: G. Leucci (gianni.leucci@unile.it) ("Grotta delle Veneri"), located 40 km south from Lecce near the Parabita village (Apulia Region, southern Italy). Human activity in the territory of Parabita is known since 80 000 B.C. In fact, in the cave denoted "Grotta delle Veneri", Homo Sapiens Neanderthalensis (Neanderthal) and the Homo Sapiens-Sapiens (Cro-Magnon) (35 000-10 000 B.C.) artefact were discovered in 1966 (Cremonesi, 1987) . In the same year two statuettes (2000-10 000 B.C.), representing two women in a state of pregnancy, were found. The "Grotta delle Veneri" (Cave of the Venus) is one of the most important archaeological sites of the Salento peninsula, since its discovery confirmed the presence of the Neanderthal man in the Mediterranean Basin. The studied area is located in a karstic area made of Miocene carbonate rocks. Since the stability of the cave depends on the presence of the fractures in the massive rock, then the geophysical surveys were undertaken in order to achieve useful information for possible future restoration works.
The literature gives many investigations employing several geophysical methods combined together, like seismic and GPR (Benson, 1992; Cardarelli et al., 2003) , or electric with seismic (Dobroka et al., 1991; Cardarelli and Bernabini, 1997; Heikkinen and Saksa, 1998) , or electric with seismic and GPR (Leucci, 2004) . On the other hand, the literature provides few examples of the combined use of electrical and GPR methods (Santarato et al., 1998) , which are applications of a different nature from that described in the present paper.
Other applications are related to the use of the GPR method (Toshioka et al., 1995; Grandjean and Gourry, 1996; . However, the use of more than the one method have resulted in a more accurate definition and interpretation of anomalies.
Karst terrain is a very difficult environment for geophysical exploration because of high surface heterogeneities generated by fractures and depressions filled with air, terra rossa or clay contained in the carbonate rocks. The degree of integrity of a karst terrain can be estimated by: -resistivity values from 2-D electrical tomography;
-the back-scattered energy in GPR surveys; -the EM wave velocity.
The geophysical survey described here allowed for an integrated interpretation which was very attractive in evidencing the characteristics of the investigated area (Lin et al., 1996; Cardarelli et al., 2003; Leucci et al., 2003) .
Geological setting
The area of Parabita is located on a ridge, elongated in NNO-SSE direction, locally named "Serra di S. Eleuterio". The "Serra di S. Eleuterio" is characterized by limestones and dolomitic limestones with thickness ranging by a few centimeters to about 1 m. East of the Serra, more recent sediments crop out on a flat surface widely covered by "terra rossa" deposits. They can be divided into:
-"Calcareniti of Salento", made of coarse calcarenites of Lower Pleistocene;
-Subapennine Clays, made of clayey deposits of Lower Pleistocene;
-marine terraced deposits of beach and of plain coastline of Middle-Upper Pleistocene.
Equipment and data acquisition
For GPR survey a SIR System manufactured by GSSI, equipped with 35, 100, 200 and 500 MHz antenna, was used. ERT and GPR profiles were overlapped (Fig. 1) . Preliminary calibration tests were performed in order to select the most appropriate antenna for the particular survey objective. The GPR profiles were carried out along the same line shown in Fig. 1 . The profile using the 35 MHz antenna (Fig. 2a) shows the maximum depth of penetration at about 150 ns (twoway travel time), corresponding to a depth of penetration of about 8 m (if the average EM wave velocity used is 0.1 m/ns). At about 50 ns most reflections appear in the southern side of the section, while other reflections appear to decrease their energy amplitude in the northern side of the section. These reflections have been interpreted as the roof of the cave. The profile using the 100 MHz antenna (Fig. 2b) shows the same results of the 35 MHz antenna. The profile using the 200 MHz antenna (Fig. 2c) shows the maximum depth of penetration at about 100 ns, corresponding to a depth of about 5 m. In the section the reflections due to the cave roof are better evidenced. The profile using the 500 MHz antenna (Fig. 2d) shows the maximum depth of a reflection at about 70 ns, corresponding to a depth of about 3 m. The improved resolution at 500 MHz, as compared to 200 MHz, indicates other reflections probably related to the bottom of the cave. The 500 MHz antenna was selected because it provided the best results in terms of resolution for the study of the shallow 3 m in depth.
For the ERT survey a 48-channel Syscal-R1 Resistivitymeter (manufactured by the Iris Instruments), in multielectrode configuration was used. Resistivity field data were collected using 48 electrodes with 0.5 m spacing. The selection for electrode arrays was dipole-dipole. The dipole-dipole array is very sensitive to horizontal changes in resistivity, but relatively insensitive to vertical changes in the resistivity. This means that it is good in mapping vertical structures, such as voids, but relatively poor in mapping horizontal structures (Loke, 2001) . The above described electrodes array allows one to investigate, with a good resolution, the shallow 3 m of subsoil (Leucci, 2004) . The measured data were processed by means of 2-D inverse modelling software, applying Loke and Barker inversion methods. The software employs a quasiNewton technique to reduce the numerical calculations (Loke and Barker, 1996) . It produces a 2-D resistivity model satisfying measured data in the form of a pseudosection. The goodness of the fit is expressed in terms of the relative RMS error. This method is more suitable where both strong lateral resistivity variations and depth changes occur and in complex geological models such as in a karstic area (Leucci, 2004) .
Electrical Resistivity Tomography (ERT) results
A typical image from the ERT survey is shown in Fig. 3a: it shows a layered resistivity profile in the top 3.5 m, a zone of low resistivity (about 100 to 4000 m) from the surface to about 2.3 m depth in the north side, underlined by an high resistivity zone labelled G (ρ>16 000 m), and an upper layer that shows lateral discontinuities in some points of the image.
The geological model established by means of a 2-D resistivity imaging profile (Fig. 3a) , allows for two different zones to be detected. The first zone (upper 1-2 m):
-the high resistivity zone (about 4000 m), labelled (b) in Fig. 3a , clearly indicates a zone of poor quality rock.
The resistivity values indicate that the zone consists of fractured carbonate rock;
-the low resistivity zone (about 100 to 500 m), labelled (C) in Fig. 3a , corresponds to the less fractured carbonate rock, although the resistivity values are low enough to indicate that the carbonate rock is fractured and the fractures could be filled with clay or "terra rossa". The ambiguity in the interpretation (fractures filled with air or other materials) could be resolved using other geophysical methods.
The second zone (below the first zone):
-the high resistivity zone (ρ>16 000 m), labelled (G) in Fig. 3a , clearly indicates the presence of a cave. Figure 3b shows the conductivity model which will be useful to determine the average conductivity value in the shallow subsurface and therefore to calculate the electromagnetic energy attenuation (see next paragraph).
GPR survey results
A 500-MHz centre frequency antenna was used; the data were acquired in continuous mode with 512 samples per scan, a 150 ns recording time window, a manual gain function, and 1-m reference marks for distance.
Fractures can be identified from the properties of their content in terms of nature and size, or quantity of air and water, or other materials, such as clay or terra rossa. This is possible if fractures are sufficiently open and filled with air or water, or with other materials, such as clay or terra rossa, as in the case of karst, allowing for a high amount of radar energy to be backscattered (Grandjean et al., 1996) ; furthermore, radar wave propagation is influenced by both the relative dielectric permittivity (ε), and the electrical conductivity (σ ) of the material through which the radar energy passes (Conyers and Goodman, 1997) . Radar signal attenuation is commonly expressed as a function of ε and σ parameters. The simplified relationship taken from Davis and Annan (1989) provides a rough estimate of the radar signal attenuation in a particular material:
The electromagnetic (EM) wave velocity plays an important role in defining the attenuation. For the frequency band of GPR, the velocity of the EM waves propagating in the ground depends on the relative dielectric permittivity of the material by the simplified equation:
where c is the EM wave velocity in empty space (0.3 m/ns). Hence, ε can be determined directly from EM wave velocity, which can be more quickly and easily determined from the reflection profiles acquired in continuous mode, using the characteristic hyperbolic shape of the reflection from a point source (i.e. diffractions; Leucci et al., 2002) . In the radar profile undertaken in the surveyed area, several hyperbolic reflections (Fig. 4a) , which allow for an accurate velocity analysis, are present. The application of this method points out an average velocity of 0.1 m/ns. Within the great quantity of reflections it is possible to note the main one, subhorizontal and located at the time depth of 40 ns (about 2 m in depth). This reflection (labelled T in Fig. 4a) is produced by the top of the cave.
The relatively low depth penetration related to the 500 MHz antenna does not allow one to put in evidence the bottom of the cave. To better evidence the fractures in the carbonate rock that constitute the roof of the cave, the radar profile must be processed. The radar data were processed using the software Reflexw, produced by Sandmeier software (Sandmeier, 2002) . The processing steps were:
-background removal filter; the average trace was subtracted to remove the background;
-Kirchhoff migration; considering the amount of diffracted signal contained in the data, shown as hyperbolas on the raw data (Fig. 4a) , the migration was performed to concentrate the diffracted energy into bright spots;
-gain function removal;
-amplitude compensation; in this case the function g (t) is applied on the radar section. The function g(t) consists of a linear and an exponential part (Sandmeier, 2002) :
The pulse width is automatically taken from the nominal frequency. The two parameters, a (linear gain, not dimensional) and α (exponential in dB/m), are the geometrical spreading and attenuation energy compensation: -envelopes; due to the amount of diffracted arrivals compared to reflected ones, amplitude envelopes were plotted versus time.
To estimate the average radar energy attenuation in the subsoil the relationships (1) and (2) and the results of the ERT survey (Fig. 3b) , were used. The average attenuation value of 1.13 dB/m was estimated. Figure 5b shows the processed data. Where radar energy is diffracted, the fractures are characterised by the presence of small discontinuities, representing karstic voids or recrystallyzed zones. Therefore, the zones with high back-scattered EM energy (labelled F) are related to more fractured carbonatic rock. Furthermore, the processed radar profile (Fig. 5b) shows that most parts of the fractures (F zones in Fig. 5b ) have vertical alignment while the other ones (labelled F1 in Fig. 5b ) have almost horizontal alignment, slightly tilted toward north. By comparing the radar section (Fig. 5b) with the EM wave velocity profile (Fig. 5c) , it is easy to identify the fractures filled with air (high velocity zone) and the fractures filled with other materials, such as clay or terra rossa (low velocity zone). 
Discussion
The GPR and ERT profiles were overlapped to compare and integrate the results (Fig. 5) , in order to eliminate the ambiguity inherent in each method. To obtain information on rock quality from the radar section, the amplitude of the backscatter signal was analysed. The amount of back-scattered energy depends on the quality of the rock (Cardarelli et al., 2003) : the greater the degree of fracturing, the greater the energy backscatter, and vice versa. With regard to ERT, an estimate of the quality of the investigated rock in terms of resistivity values was carried out. Resistivity values in a good quality carbonate rock ranges between 500 and 1500 m (Leucci et al., 2003) , then a resistivity of about 4000 m suggests that the carbonate rock is highly fractured and filled with air. A lower resistivity value (100-500 m) suggests that the carbonate rock is highly fractured and filled with other materials, such as terra rossa. Figure 5 shows the direct correspondence between the energy content in the radar section (Fig. 5b) and the thickness of the high resistivity strata (4000 m) (Fig. 5a ). There is also the direct correspondence between the energy content in the radar section and the EM wave velocity model (Fig. 5c ).
In the radar section showed in Fig. 5b it is possible to also note the fractures geometry. The fractures, for the most part, are vertical and located close to each other (zones labelled F). Few fractures are almost horizontally aligned, slightly tilted toward north (labelled F1).
By superimposing the resistivity tomography and the 500-MHz antenna elaborated profile it is possible to observe that zones (F), with vertical fractures, correspond to not only highly loosened rock but also to instability areas of the cave. This illustrates the advantage of combining different methods which are based on different physical parameters and possess different sensitivity and resolution.
From the integration of ERT and 500 MHz GPR data, it was possible to eliminate ambiguity in the data interpretation. From the ERT data the conductivity values allow one to estimate the radar energy attenuation in the shallow subsoil, while the radar profile suggests the existence of fractured zones.
In the situations where direct methods, such as drilling, have the inconvenience of not being applicable, the ERT method supports the confirmation of results of the GPR method. In fact, the GPR method has a greater resolution than the ERT method and therefore allows us to detect isolated fractures and reconstruct their geometry, as shown in Fig. 5b . The basic disadvantage of the GPR method is that many other heterogeneities appear in the sections that also could be mistaken for fractures.
Conclusions
The "Grotta delle Veneri" is one of the most important archaeological site of the Salento peninsula, since its discovery confirmed the presence of the Neanderthal man in the Mediterranean Basin. For this motive it is important to safeguard this archaeological site. The safeguard of the "Grotta delle Veneri" and, therefore, its conservation can be performed by precise location of fractured zones.
In this research an integrated interpretation of the results obtained from 2-D electrical resistivity tomography and ground penetrating radar data sets was used to identify fractures in a carbonate rock formation, in order to perform a preliminary evaluation of the stability of a karstic cave. Plotting the two data sets on the same scale produces reasonable data correlation and interpretation.
The 2-D electrical resistivity tomography method provided estimates of the distribution of the resistivity in the shallow subsoil and, therefore, the mean conductivity distribution that is a very important parameter in the radar energy attenuation calculation. By combining EM wave velocity in the subsoil with the reflection geometry determined from GPR, ambiguities in the interpretation were minimised.
The integration of the two geophysical methods is a useful tool in carrying out geognostic investigations at restricted sites, where invasive techniques, such as drillings, cannot be performed. The integrated geophysical analyses outlined, in the studied area, a highly unstable region in the zones labelled F. The radar profile indicates very intense anomalies, most likely ascribable to open fractures. The electromagnetic wave velocity analysis, together with the ERT model analysis, allowed one to hypothesize if the fractures are void or filled with other materials (such as "terra rossa").
This approach, if extended to the whole area of the cave, can be used to produce a 3-D map of the cave itself, to provide more effective suggestions in order to obtain suitable conditions for the its conservation and safeguard.
